Six different electron mediators were immobilized on the activated carbon (AC) anode and their effects on performance of a direct glucose alkaline fuel cell were explored. 2-hydroxy-1, 4-naphthoquinone (NQ), methyl viologen (MV), neutral red (NR), methylene blue (MB), 1, 5-dichloroanthraquinone (DA) and anthraquinone (AQ) were doped in activated carbon (AC), respectively, and pressed on nickel foam to fabricate the anodes. NQ shows comparable performance with MV, but with much lower cost and environmental impact. With NQ-AC anode, the fuel cell attained a peak power density of 16.10 Wm´2, peak current density of 48.09 Am´2, and open circuit voltage of 0.76 V under the condition of 1 M glucose, 3 M KOH, and ambient temperature. Polarization curve, EIS and Tafel measurements were also conducted to explore the mechanism of performance enhancement. The high performance is likely due to the enhanced charge transfer and more reactive sites provided on the anode.
Introduction
In recent years, with the rapid development of global industrialization, environmental problems caused by fossil fuel combustion are becoming more and more serious [1] [2] [3] [4] [5] . As possible alternatives of fossil fuel, biomass resources-one of the renewable energy sources-has attracted much attention [6] [7] [8] [9] [10] .
As the most important monose in nature, glucose can be directly obtained from a great quantity of waste biomass. It is inexpensive, nontoxic, easy to use, and environmentally friendly [11, 12] . As result of these advantages, glucose is viewed as one of the most appropriate fuels for fuel cells. Over the past decades, research on glucose fuel cells have developed rapidly. These fuel cells mainly include enzymatic glucose fuel cells (EGFCs), microbial glucose fuel cells (MGFCs), and direct glucose alkaline fuel cells (DGAFCs). EGFCs employ a variety of specific enzymes to oxidize glucose. They are typically limited by their extremely low performance, poor stability, as well as the lack of sustainability [12] [13] [14] . In this respect, MGFCs have the better performance than EGFCs. They can relatively keep long-term durability. However, the most crucial issue for MGFCs is the low electronic conversion rate, and using noble metals significantly increases the cost of the device [15] [16] [17] .
DGAFCs can tackle these problems by direct conversion of chemical energy into electrical power without enzymes and microorganisms. Precious metals, such as platinum and gold, and nanomaterials are normally employed to catalyze the oxidation of substrate [18] [19] [20] [21] . However, the high cost of these catalysts can seriously hinder the practical application of DGAFCs. Furthermore, it has been
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Effects of Doping with Different Electron Mediators on DGAFC Performance
The effect of doping with different electron mediators on the fuel cell performance is presented in Figure 1 . Table 1 lists molar mass, molecular structure, molecular formula, soluble in ethanol solution, cell voltage, current density, power density, and market prices of six different electron mediators. The mass ratio of AC and each electron mediator solution is 1:1 on the anode. The cell equipped with MV doped AC (MV-AC) anode exhibits the best performance, with open cell voltage of 0.78 V, peak power density of 10.05 Wm´2, and peak current density of 25.61 Am´2.The cell equipped with NQ doped AC (NQ-AC) anode has comparable performance with the cell equipped with MV-AC anode, with open cell voltage of 0.79 V, peak power density of 9.95 Wm´2, and peak current density of 34.23 Am´2. Table 1 indicates solubility of the electron mediator can affect the performance of the fuel cells. The solubility is related to the molecular structure, including the species and quantity of functional groups. Electron mediators are more likely to be evenly distributed on the surface of AC, if they have the better solubility. Good solubility makes contribution to increasing specific surface area for the electron transfer, leading to the enlargement of the contact area for electrons and better conduction for electrons to current collector. Table 1 also shows molecular size of the electron mediator has influence on fuel cell performance. Small electron mediators have better performance. Both the solubility and the molecular size are related to their chemical diffusion coefficient. Diffusion coefficient is used to represent the active degree of the movement and is crucial for determining the reaction rate [26] . Compared with other electron mediators, MV and NQ have smaller molecular size, and better solubility, which lead to a higher chemical diffusion coefficient. Therefore, the high performance of MV and NQ should be contributed to their high chemical diffusion coefficients. Furthermore, as a surface related process, the electrochemical reaction is sensitive to the variation of phase interface [23] . When electron mediators are immobilized on the surface of AC, a new two-phase interface between liquid and solid phase forms. Different electron mediators form different phase interfaces. Among them, MV and NQ, which have better properties, can provide more reaction sites at the anode. Table 1 indicates NQ and MV have comparable electrochemical performance. MV has been widely reported as an electron mediator for glucose fuel cell [27] . However, MV is highly toxic. NQ is an ancient natural dye and can be extracted from the plants. It is low-cost, low-toxicity, and has no or neglectable adverse impact on the environment. Thus, NQ was chosen as a potential alternative 1 NQ-AC anodes, respectively. DGAFCs shows higher performance with anodes doped with higher mass ratio of electron mediators. The explanation is that high concentration of electron mediator can increase the contact sites between the liquid-solid phases, and decrease the internal cell resistance. It is beneficial to capture and deliver more electrons, and accelerate the reaction rate [12] . However, the area of the anode is limited with confined contact sites, and when the concentration of electron mediator surpass the upper limit, electron mediators cannot get charge, thus slowing down the process of electron transfer. In addition, the catalytic effects of electron mediators are restricted by many other factors, including the concentration of glucose and KOH, temperature, etc. [27] . Therefore, there will exist an optimum concentration of electron mediators. This is why the NQ-AC anode has the best performance when NQ vs. AC is 2:1; while the MV-AC anode has the best performance when MV vs. AC is 3:1. 1 NQ-AC anodes, respectively. DGAFCs shows higher performance with anodes doped with higher mass ratio of electron mediators. The explanation is that high concentration of electron mediator can increase the contact sites between the liquid-solid phases, and decrease the internal cell resistance. It is beneficial to capture and deliver more electrons, and accelerate the reaction rate [12] . However, the area of the anode is limited with confined contact sites, and when the concentration of electron mediator surpass the upper limit, electron mediators cannot get charge, thus slowing down the process of electron transfer. In addition, the catalytic effects of electron mediators are restricted by many other factors, including the concentration of glucose and KOH, temperature, etc. [27] . Therefore, there will exist an optimum concentration of electron mediators. This is why the NQ-AC anode has the best performance when NQ vs. AC is 2:1; while the MV-AC anode has the best performance when MV vs. AC is 3:1. 
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The LSV polarization curves of the AC anodes doped with NQ (2:1) and MV (3:1) at different current densities are shown in Figure 3 . The slopes of the anode voltage-current densities are different with the increasing order of MV (3:1) < NQ (2:1) < bare AC (blank control group). With electrode polarization curve becoming steeper, the potential deviation degree becomes greater and the polarization is more serious. It means that the resistance on electrode tends to be very large. On the contrary, if the curve is smooth, it illustrates that the degree of polarization is small and no obstacles exist in the process of reaction. Therefore, the polarization degree of bare AC anode is much greater than NQ and MV doped AC anodes, and the electrochemical power performance of the bare AC anode is the worst among them. This data indicates that the NQ-AC (2:1) anodes and MV-AC (3:1) anodes have better electrochemical properties, which is consistent with the DGAFC performance results. The LSV polarization curves of the AC anodes doped with NQ (2:1) and MV (3:1) at different current densities are shown in Figure 3 . The slopes of the anode voltage-current densities are different with the increasing order of MV (3:1) < NQ (2:1) < bare AC (blank control group). With electrode polarization curve becoming steeper, the potential deviation degree becomes greater and the polarization is more serious. It means that the resistance on electrode tends to be very large. On the contrary, if the curve is smooth, it illustrates that the degree of polarization is small and no obstacles exist in the process of reaction. Therefore, the polarization degree of bare AC anode is much greater than NQ and MV doped AC anodes, and the electrochemical power performance of the bare AC anode is the worst among them. This data indicates that the NQ-AC (2:1) anodes and MV-AC (3:1) anodes have better electrochemical properties, which is consistent with the DGAFC performance results. 
EIS of the Anodes
EIS was used in this work to investigate the electrochemical performance of different anodes. Figure 4 shows the Nyquist plot for different anodes. In the high-frequency region, the x-intercept of the Nyquist plot presents an ohmic resistance (Ro). The ohmic resistances of different anodes are nearly the same, which may result from the same electrolyte solution applied in the study. The semicircle diameter in Nyquist plot, which is an indicator of charge transfer resistance (Rct) [28] , is smaller for MV (3:1) and NQ (2:1) than bare AC, further confirming that MV and NQ, if an optimal amount is added, does improve the catalytic activity of AC anode. Rct of the AC, NQ (2:1), and MV Table 2 ). MV and NQ fixed on the surface of AC can directly transfer electrons between glucose and current collector, leading to the reduction of charge transfer resistance. Among all resistances, the charge transfer resistance is dominant. That is the reason why the performance of NQ and MV anodes are much better than activated carbon anodes. These results are consistent with those of the polarization curve. 
EIS was used in this work to investigate the electrochemical performance of different anodes. Figure 4 shows the Nyquist plot for different anodes. In the high-frequency region, the x-intercept of the Nyquist plot presents an ohmic resistance (Ro). The ohmic resistances of different anodes are nearly the same, which may result from the same electrolyte solution applied in the study. The semicircle diameter in Nyquist plot, which is an indicator of charge transfer resistance (Rct) [28] , is smaller for MV (3:1) and NQ (2:1) than bare AC, further confirming that MV and NQ, if an optimal amount is added, does improve the catalytic activity of AC anode. Rct of the AC, NQ (2:1), and MV (3:1) anodes have an apparent trend, with the order of: bare AC > NQ (2:1) > MV (3:1). The Rct of the bare AC anode was 8.972 Ω, which was 19.84 times as much as the NQ (2:1) anode (0.4522 Ω), and 28.93 times as much as the MV (3:1) anode (0.3101 Ω) ( Table 2 ). MV and NQ fixed on the surface of AC can directly transfer electrons between glucose and current collector, leading to the reduction of charge transfer resistance. Among all resistances, the charge transfer resistance is dominant. That is the reason why the performance of NQ and MV anodes are much better than activated carbon anodes. These results are consistent with those of the polarization curve. 
Tafel Curves of the Anodes
Tafel curves of different anodes are shown in Figure 5a . The three curves have the same change trend with the increase of the voltage, exhibiting a steep increase at the beginning then flattening out. There exists a linear Tafel regression (R 2 > 0.99) in the over-potential interval of 300 and 400 mV (Figure 5b) . The results of linear fitting are showed in Table 3 . The exchange current densities are sequenced as follows: MV-AC (3:1) (19.2752 × 10 −3 Acm −2 ) > NQ-AC (2:1) (9.3756 × 10 −3 Acm −2 ) > bare AC (1.4689 × 10 −3 Acm −2 ). A higher value i0 imply a simple and fast reaction with lower activation barrier. It indicates that doping appropriate amount of electron mediators in the AC anode could reduce the resistance and speed up the kinetics, which eventually improve the performance of DGAFC. These results agree with the previous analyses of LSV and EIS. 
Tafel curves of different anodes are shown in Figure 5a . The three curves have the same change trend with the increase of the voltage, exhibiting a steep increase at the beginning then flattening out. There exists a linear Tafel regression (R 2 > 0.99) in the over-potential interval of 300 and 400 mV (Figure 5b) . The results of linear fitting are showed in Table 3 . The exchange current densities are sequenced as follows: MV-AC (3:1) (19.2752ˆ10´3 Acm´2) > NQ-AC (2:1) (9.3756ˆ10´3 Acm´2) > bare AC (1.4689ˆ10´3 Acm´2). A higher value i 0 imply a simple and fast reaction with lower activation barrier. It indicates that doping appropriate amount of electron mediators in the AC anode could reduce the resistance and speed up the kinetics, which eventually improve the performance of DGAFC. These results agree with the previous analyses of LSV and EIS. 
The Discharge Curve of the DGAFC Equipped with NQ-AC Anode
The discharge curve of DGAFC equipped with a NQ-AC anode and an air-diffusion cathode is shown in Figure 6 . The cell can discharge more than 426 h and give a coulomb yield of 1800.84 C under the condition of external resistance of 100 Ω. The circuit voltage across the external resistor increased first and reached the peak voltage of 0.63 V at about 10 h. Finally, the glucose in the anode was used up and the voltage decreased from 0.63 V to less than 0.05 V, gradually. We can attribute such a change in voltage with time to the transformation of glucose and the further oxidation of byproducts as previously reported [25] . 
The discharge curve of DGAFC equipped with a NQ-AC anode and an air-diffusion cathode is shown in Figure 6 . The cell can discharge more than 426 h and give a coulomb yield of 1800.84 C under the condition of external resistance of 100 Ω. The circuit voltage across the external resistor increased first and reached the peak voltage of 0.63 V at about 10 h. Finally, the glucose in the anode was used up and the voltage decreased from 0.63 V to less than 0.05 V, gradually. We can attribute such a change in voltage with time to the transformation of glucose and the further oxidation of byproducts as previously reported [25] . NQ is low-cost and has no observable adverse impact to the environment. The combination of NQ and AC composite as anode catalyst for glucose oxidation has better performance than those previously reported [27, 29, 30] . We believe this work can be a starting point to construct highperformance, cheap, and environmentally friendly DGAFCs. Table 4 presents the recent studies on similar glucose fuel cells. From the table it can be clearly seen that using NQ/AC anode in our fuel cell can improve its performance compared with other fuel cells equipped with precious metal containing anodes. Furthermore, the fuel cell in our work has the characteristics of low cost, low operating temperature, and a high discharge capacity, which make it a promising candidate to be a portable fuel cell. NQ is low-cost and has no observable adverse impact to the environment. The combination of NQ and AC composite as anode catalyst for glucose oxidation has better performance than those previously reported [27, 29, 30] . We believe this work can be a starting point to construct high-performance, cheap, and environmentally friendly DGAFCs. Table 4 presents the recent studies on similar glucose fuel cells. From the table it can be clearly seen that using NQ/AC anode in our fuel cell can improve its performance compared with other fuel cells equipped with precious metal containing anodes. Furthermore, the fuel cell in our work has the characteristics of low cost, low operating temperature, and a high discharge capacity, which make it a promising candidate to be a portable fuel cell. Figure 7 illustrates the fabrication steps for the electron mediator modified AC anode. Firstly, AC and 30 mM electron mediator solution (mass ratio of AC to electron mediator solution = 1:1-1:3) were mixed thoroughly, then anhydrous ethanol was added until the mixture was submerged more than 1 cm. After that, ultrasonic agitation was conducted for 30 min. Next, 60% PTFE solution was mixed into the solution drop by drop (mass ratio of activated carbon/PTFE = 1:0.5-0.8). We repeated the ultrasonic agitation for another 30 min. Then, heated and stirred the solution in 80˝C water bath until it formed a paste. Finally, the prepared paste was rolled onto a nickel foam to form a thin film of 0.2-0.4 mm. The cathode applied in our study was air-breathing oxygen-reduction cathode that was prepared as previously described [27, 29] . Figure 7 illustrates the fabrication steps for the electron mediator modified AC anode. Firstly, AC and 30 mM electron mediator solution (mass ratio of AC to electron mediator solution = 1:1-1:3) were mixed thoroughly, then anhydrous ethanol was added until the mixture was submerged more than 1 cm. After that, ultrasonic agitation was conducted for 30 min. Next, 60% PTFE solution was mixed into the solution drop by drop (mass ratio of activated carbon/PTFE = 1:0.5-0.8). We repeated the ultrasonic agitation for another 30 min. Then, heated and stirred the solution in 80 °C water bath until it formed a paste. Finally, the prepared paste was rolled onto a nickel foam to form a thin film of 0.2-0.4 mm. The cathode applied in our study was air-breathing oxygen-reduction cathode that was prepared as previously described [27, 29] . 
Experimental Section
Materials
Preparation of the Electrodes
Fuel Cell Apparatus and Assembly
The polymethyl meth acrylate (PMMA) is used to make the two-chamber fuel cell, and the schematic of the structure and photograph of the fuel cell and is shown in Figure 8a ,b. For the air breathing cathode, one side was PTFE diffusion layer which was open to air, while another side called the catalyst layer was submerged under the fuel-electrolyte solution entirely. The fuel cell has two 30 mm-diameter cylindrical internal chambers. The anode chamber was filled with glucose and KOH solution, while the cathode chamber was only full of KOH solution. There was an AEM between the two chambers which had selective conductivity of anions to prevent substrate crossover. 
Electrochemical Analysis
By changing the external resistance from 9000 Ω to 10 Ω, polarization curve and power density curve were achieved. LSV, EIS, and Tafel measurements of all the anodes were conducted on an electrochemical workstation (CHI 660E, Shanghai Chen Hua Instrument Co., Ltd., Shanghai, China) under three electrode systems: different anodes were used as working electrodes respectively, with the Hg/HgO electrode serving as the reference electrode and a platinum sheet used as the counter electrode. EIS was measured at a frequency range of 100 kHz to 10 mHz with amplitude of 5 mV. By sweeping from overpotential of 0 V to 600 mV at scan rate of 1 mVs −1 , the Tafel plot was recorded. 
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By changing the external resistance from 9000 Ω to 10 Ω, polarization curve and power density curve were achieved. LSV, EIS, and Tafel measurements of all the anodes were conducted on an electrochemical workstation (CHI 660E, Shanghai Chen Hua Instrument Co., Ltd., Shanghai, China) under three electrode systems: different anodes were used as working electrodes respectively, with the Hg/HgO electrode serving as the reference electrode and a platinum sheet used as the counter electrode. EIS was measured at a frequency range of 100 kHz to 10 mHz with amplitude of 5 mV. By sweeping from overpotential of 0 V to 600 mV at scan rate of 1 mVs´1, the Tafel plot was recorded.
Conclusions
A two-chamber DGAFC catalyst without noble metal had been developed and tested. Six different electron mediators were immobilized on the AC anode using a simple doping method. Under the condition of 1 M glucose and 3 M KOH, the fuel cell equipped with NQ/AC (2:1) anode generates a peak power density of 16.10 Wm´2, peak current density of 48.09 Am´2 and open circuit voltage of 0.76 V, which is comparable with a DGAFC equipped with an MV-AC anode. The high performance of the NQ/AC anode is likely due to the enhanced charge transfer and more reactive sites provided on the anode. NQ is attractive as an alternative to MV due to its lower toxicity and high catalytic ability for glucose oxidation. These performance data are better than a majority of the existing designs of glucose fuel cells, such as microbial glucose fuel cells and enzymatic fuel cells. Although some problems remain to be solved, such as effect of different AC types and the specific combination of electron mediators on the anode, our proposed fuel cell is of great promise to further promote the commercial application of DGAFCs.
